Whilst the association between sleep and stress is well established, few studies have examined the effects of an anticipated stressor upon sleep and relevant physiological markers. The aim of the present study was to examine whether an anticipated stressor in the form of next-day demand affects subjective and objective sleep, and multiple indices of the cortisol awakening response. Subjective and objective sleep and the cortisol awakening response were measured over three consecutive nights in 40 healthy adults in a sleep laboratory. During their second night, participants were informed that they would either be required to complete a series of demanding cognitive tasks, in a competition format, during the next day (anticipation condition; n = 22), or were given no instruction (sedentary condition; n = 18). Sleep was measured subjectively using sleep diaries, objectively using polysomnography, and saliva was measured at awakening, +15, +30, +45 and +60 min each morning, from which cortisol awakening response measurement indices were derived: awakening cortisol levels, the mean increase in cortisol levels and total cortisol secretion. There were no between-group differences in subjective or objective sleep in the night preceding the anticipated demand; however, compared with the sedentary condition, those in the anticipation group displayed a larger mean increase in cortisol levels, representing the cortisol awakening response magnitude, on the morning of the anticipated demand. Overall, the results suggest that whilst anticipated stress affected the subsequent cortisol awakening response, subjective and objective sleep remained undisturbed. It is possible that the timing of an anticipated stressor, rather than its expected duration, may influence subsequent sleep disruption.
IN TROD UCTI ON
A range of studies have indicated that subjective and objective sleep disturbances are associated with stress (Bastien et al., 2004; Reynolds et al., 1992 Reynolds et al., , 1993 ; that stressful events can predict future sleep disturbances (Lallukka et al., 2012; Vahtera et al., 2007) ; and that pre-sleep stress levels are predictive of subsequent subjective sleep quality ( Akerstedt et al., 2012) . Whilst the link between stress and sleep is well established, the impact of an anticipated stressor upon sleep is less clear, with the exception of a limited number of studies. In one such study, engineering staff completed sleep diaries whilst on board a ship, which included a 24-h 'watch period' whereby they were allowed to sleep, but would be awakened by an automatic alarm system in the event of machinery malfunction (Torsvall et al., 1987) . During the watch period, staff self-reported a reduced total sleep time (TST) and poorer sleep quality compared with free ª 2017 European Sleep Research Society nights and, interestingly, these disruptions were evident even when no alarms occurred. In a similar study, where sleep was measured objectively using polysomnography (PSG), a shorter duration of sleep and reduced amounts of rapid eye movement (REM) and slow-wave sleep were observed during watch periods, as compared with free nights (Torsvall and Akerstedt, 1988) . Therefore, it could be concluded that even the anticipation of an upcoming stressor can affect subjective and objective sleep.
That said, two similar laboratory studies have investigated the effects of an anticipated stressor upon sleep, with very different outcomes. One study examined whether neuroticism, repression and coping style moderated the effects of an anticipated stressor upon REM sleep parameters (Germain et al., 2003) . Healthy, good-sleepers were either allocated to a control group or a next-day stress condition, and were informed immediately before sleep that they were required to perform a speech, which would be evaluated, upon awakening. Interestingly, there were no group differences in terms of subjective sleep quality, or objective measures of sleep continuity or architecture. A second study from this group, using a similar anticipatory stress-induction paradigm, measured heart rate variability (HRV) as a marker of autonomic nervous system arousal (Hall et al., 2004) . Whilst again there were no between-group differences in objective sleep continuity or architecture, more subtle differences were observed: participants in the stress condition demonstrated lower parasympathetic modulation during non-(N)REM and REM sleep, and a higher sympathovagal balance during NREM sleep compared with the control group, representing an anticipatory stress response during the night. Taken together, the naturalistic studies, where the stressor may have occurred at any point over an 8-h overnight period (Torsvall and Akerstedt, 1988; Torsvall et al., 1987) , and stress-induction laboratory studies, which require action the subsequent morning, suggest that the timing of the anticipated stressor is potentially important.
Although Hall et al. (2004) measured HRV as a physiological marker of stress, to date, no studies have simultaneously examined the effects of anticipated stress upon sleep in tandem with a more robust, relevant and well-established physiological marker of stress. One such marker is cortisol, which is the end-product of the hypothalamic-pituitaryadrenal (HPA) axis, an endocrine system that allows adjustment and adaptation to bodily and environmental demands (Fries et al., 2009) . Cortisol is responsive to stress; acute psychological demand increases cortisol levels in a doseresponse manner (Dickerson and Kemeny, 2004) . One specific aspect of cortisol output that appears to be sensitive to an anticipated stressor is the cortisol awakening response (CAR), where cortisol levels sharply increase in response to morning awakening (Clow et al., 2004; Fries et al., 2009) . Several ambulatory studies have indicated that the CAR is associated with periods of increased demand (Brant et al., 2010) or is a marker of anticipation of a forthcoming event (Baumler et al., 2014; Elder et al., 2016; Rohleder et al., 2007; Wetherell et al., 2015) . For example, one study in preschool-aged children observed greater mean increases in cortisol levels between awakening and +30 min on the day of a prospective memory task (Baumler et al., 2014) and, similarly, higher levels of cortisol have also been observed at +30 min on the day of a socially evaluated laboratory event, when compared with control days (Wetherell et al., 2015) . Therefore, the CAR is a potentially useful measure of the HPA axis response to an anticipated next-day stressor, particularly where the stressor is in the form of next-day demand.
The aim of the present study was to further elucidate the relationship between the anticipation of forthcoming stress, in terms of timing and duration, and sleep, in tandem with the CAR as a robust and sensitive physiological marker. Due to the exploratory nature of the study, there were no specific hypotheses with regard to subjective and objective sleep, but it was expected that CAR indices would differ between individuals anticipating next-day demand and those expecting a sedentary day, where the CAR would be increased in those anticipating next-day demand.
MAT ERIALS AN D METH ODS Participants
A total of 40 healthy normal participants (M age = 23.44 years, SD age = 3.40 years) were recruited from the staff and student population of Northumbria University using email advertisements. Inclusion criteria required all participants to be healthy good-sleepers. Exclusion criteria were current or previous sleep problems, physical illness, shift work or transmeridian travel in the 3 months prior to study enrolment. Participants provided written informed consent and the study was approved by Northumbria University Faculty of Health Sciences ethics committee. After consenting, participants were allocated to a sedentary (n = 18) or anticipation (n = 22) group. Both the anticipation and sedentary groups completed an identical baseline period, and slept in an identical sleep laboratory environment, where subjective sleep, objective sleep and the CAR were measured, and sleep and wake times were scheduled.
Procedure
The study procedure is summarised in Fig. 1 . Upon responding to the study invitation e-mail, participants were provided with an information sheet and were invited to attend the sleep laboratory. Participants then provided informed consent and were confirmed as a healthy good-sleeper by examining their sleep, psychiatric and physical illness history, and by completing the Pittsburgh Sleep Quality Index (PSQI; Buysse et al., 1989) and Hospital Anxiety and Depression Scale (HADS; Zigmond and Snaith, 1983) .
The study consisted of a baseline period (Day À14 to Day 0) and a 3-night weekday laboratory period (Night 0-Day 3), ª 2017 European Sleep Research Society as described previously (Elder et al., 2016; Fig. 2) . During the baseline period (Day À14 to Day 0), participants were instructed to complete self-report sleep diaries (Carney et al., 2012) and to wear actigraphs in order to determine habitual sleep/wake schedules. Upon arrival at the sleep laboratory on Night 0, actigraphy data were visually inspected to confirm circadian stability. Sleep and wake times were scheduled in accordance with average baseline (Day À14 to Day 0) weekday sleep/wake times, derived from baseline sleep diaries.
Participants slept for three consecutive weekday nights in a sleep laboratory environment (Night 0-Night 2) where sleep was measured objectively using PSG. The CAR was measured on each subsequent weekday morning (Day 1-Day 3), where samples were collected by a researcher, in lowintensity ultraviolet light, between 0 and 60 min postawakening, as described previously (Elder et al., 2016) . Following the collection of saliva samples, participants completed subjective sleep diaries. Participants left the sleep laboratory approximately 1 h after completion of the Day 1 sleep diary, and were instructed to continue with their habitual daily activities, before returning to the sleep laboratory on Night 1. Both groups of participants then remained in the sleep laboratory until Day 3 (though the experimental manipulation, described below, characterised their experience during this period), where saliva samples were collected as described. Participants were then debriefed and received a payment of £150 for their time.
Sedentary group
Participants in the sedentary group were informed that they would remain in the sleep laboratory on Day 2 and would be permitted to perform sedentary activities, including reading, watching television or films. Participants were then allowed to sleep during Night 1 and saliva samples were collected on the morning of Day 2.
Anticipation group
Immediately before lights out on Night 1, participants in the anticipation group were provided with a standardised instruction sheet (Appendix S1) informing them that they would remain in the sleep laboratory on Day 2, where they would be required to complete a range of demanding computerised cognitive tasks. In order to ensure that participants had a high level of motivation, participants in the anticipation group were also informed that the individual who attained the highest score on a randomly-chosen task throughout the day would receive a high-value prize (Apple iPad). Participants were then allowed to sleep during Night 1, and saliva samples were subsequently collected on the morning of Day 2.
Measures of sleep

Subjective sleep
Sleep diaries (Carney et al., 2012) were used to obtain measures of subjective sleep continuity [TST; time in bed, referring to the period of time between the participant going to bed and leaving bed the subsequent morning (TIB); sleep efficiency (SE%), calculated on the basis of TST/TIB 9 100; sleep-onset latency (SOL), referring to the length of time taken to get to sleep; the number of awakenings (NWAK), referring to the frequency of nocturnal awakenings during sleep; and wake after sleep onset (WASO), referring to the duration of time awake during the night after the initiation of sleep]. Both groups also provided an indication of subjective stress, measured using a 100-mm visual analogue scale, where the endpoints were anchored by 'not at all' and 'very much' in response to the statement 'I feel stressed'.
Objective sleep
Polysomnography was applied on each night, and recording times were scheduled in accordance with average weekday sleep/wake times, derived from baseline (Day À14 
CAR
Saliva samples were obtained at awakening, +15, +30, +45 and +60 min using Salivettes (Sarstedt, Leicester, UK), and participants were required to chew on Salivettes for 60 s. Saliva samples were stored in a domestic refrigerator immediately following collection and were frozen at À20°C until assaying. Samples were centrifuged at 3000 g for 15 min, and all assays were performed in-house using the luminescence immunoassay method in line with manufacturer's instructions (Salimetrics, Newmarket, UK; inter-assay coefficients of variability < 10%).
Data analysis
Alterations to objective sleep are typically observed during the first night in a sleep laboratory environment (known as the 'first-night effect'; Agnew et al., 1966; Toussaint et al., 1995) , and disturbed sleep may also affect the subsequent CAR. Therefore, in line with a previously published protocol used to measure the CAR in a sleep laboratory environment (Elder et al., 2016) , sleep data from the adaptation night (Night 0) and subsequent CAR data (Day 1) were excluded from analysis. As the aim of the study was to examine the effects of anticipated next-day demand upon sleep and the CAR, subjective and objective sleep data from Night 1, and CAR data from Day 2, are reported. In order to examine the effects of anticipated demand upon subjective and objective sleep, Night 1 subjective measures of sleep continuity (TIB, TST, SE%, SOL, NWAK and WASO), and Night 1 objective measures of sleep continuity (TST, SE %, SOL, NWAK) and sleep architecture (percentages of sleep spent in REM, N1, N2, N3 and the latency to each stage of sleep) were compared between sedentary and demand groups using t-tests, where P-values were adjusted for multiple comparisons [subjective sleep continuity variables: adjusted P-value = 0.008 (0.05/6); objective sleep continuity variables: adjusted P-value = 0.013 (0.05/4); objective sleep architecture variables: adjusted P-value = 0.006 (0.05/8)].
Cortisol awakening response data from a total of five participants (sedentary n = 3; anticipation n = 2) were excluded due to saliva samples containing an insufficient 
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Cortisol awakening response measurement Debrief volume of saliva for further analyses (n = 4), and due to excessively high (> 75 nmol L; Kunz-Ebrecht et al., 2004) cortisol levels (n = 1). To examine the effects of next-day demand upon the CAR, Day 2 cortisol levels (expressed in nmol L À1 , derived from saliva samples) were compared between sedentary and demand groups. The CAR was further examined by comparing three additional Day 2 CAR measurement indices between sedentary and demand groups using t-tests: awakening cortisol levels, the mean increase in cortisol levels during the measurement period (MnInc; calculated using the average cortisol levels from all post-awakening samples; W€ ust et al., 2000) and total cortisol secretion, calculated on the basis of the area under the curve with respect to ground formula (AUC G ), expressed in abritrary units. These additional CAR measurement indices were adjusted for multiple comparisons [adjusted P-value = 0.017 (0.05/3)]. Effect sizes are reported using Cohen's d.
RESUL TS
A total of 40 participants provided complete Night 1 subjective and objective sleep data (M age = 23.44 years, SD age = 3.40 years; sedentary n = 18, anticipation n = 22), and 35 participants provided complete CAR data (M age = 23.57 years, SD age = 3.60 years; sedentary n = 15, anticipation n = 20). There were no significant differences between sedentary and anticipation groups in terms of age, gender, PSQI or HADS scores (P-values > 0.05; Table 1 ). Additionally, there were no significant differences between sedentary and anticipation groups in terms of subjective measures of sleep continuity derived from baseline sleep diaries (all P-values > 0.008; Table 2 ).
Effects of anticipated next-day demand upon Night 1 sleep
There were no significant differences in subjective or objective measures of sleep, or subjective stress, between sedentary and anticipation groups during Night 1 (all P-values > 0.05; Tables 3 and 4) .
Effects of anticipated next-day demand upon the CAR
There was a significant main effect of time point upon cortisol levels ( Fig. 3) , reflecting the typical increase in cortisol levels during the CAR measurement period (F 2.99,98.68 = 7.28, P < 0.001, g² p = 0.18). The main effect of group was not significant (F 1,33 = 0.99, P = 0.326, g² p = 0.03). The time point 9 group interaction was significant (F 2.99,98.68 = 3.52, P = 0.018, g² p = 0.10); however, post hoc comparisons of cortisol levels between groups at each sampling point were not significant (all P-values > 0.05).
Comparisons of additional CAR indices showed that participants in the anticipation group displayed a significantly greater Day 2 increase in cortisol levels (MnInc) than sedentary participants (t 33 = À2.66, P = 0.016). There were no significant differences between sedentary and demand groups in terms of Day 2 awakening cortisol levels (t 33 = 0.63, P = 0.309) or total cortisol secretion (AUC G ) (t 33 = À1.04, P = 0.315). This is summarised in Table 5 . Of note, results remained consistent with those reported when controlling for sex, menstrual cycle phase and oral contraceptive use (results unreported but available upon request from the first author).
DISCUSSION
The aim of this study was to examine the effects of an anticipated stressor, in the form of anticipated next-day demand, upon subjective sleep, objective sleep and the CAR. No differences in either subjective or objective sleep were observed beween those anticipating demand and those anticipating a sedentary day the night prior. The anticipation of next-day demand did, however, influence the CAR: a larger mean increase in cortisol levels was observed, representing the magnitude of the CAR, in those anticipating next-day demand compared with those anticipating a sedentary day. These results therefore support the proposed role of the CAR as an anticipatory process (Clow et al., 2010; Fries et al., 2009) . There were no between-group differences in subjective sleep, or objective measures of sleep continuity or architecture. These results are in line with previous stress-induction studies, where the anticipated stressor was expected to occur on the subsequent morning (Germain et al., 2003; Hall et al., 2004) . However, in the present study, whilst the timing of the stressor was matched to previous laboratory stressinduction studies (Germain et al., 2003; Hall et al., 2004) , the expected duration of the stressor was matched to previous naturalistic studies (Torsvall and Akerstedt, 1988; Torsvall et al., 1987) . It is possible that laboratory stress-induction paradigms do not affect sleep if the stressor is subjectively mild in nature, not personally relevant or, alternatively, not emotionally relevant. Indeed, there were no group differences in subjectively-rated stress. That said, our participants in the anticipation group were aware that a high-value prize would be conferred to the individual attaining the highest score on a computerised task during the testing day. This unpredictability of the outcome of the stressor is akin to previous naturalistic studies, but was perhaps not meaningful enough to participants to disrupt sleep.
Although an anticipatory response was observed in terms of an increased CAR magnitude, the present study potentially indicates that the timing of the anticipated stressor is important, and an alternative explanation for the lack of sleep disruption is that night-time sleep may only be affected when the stressor is expected to occur during the night. This is indicated by previous naturalistic studies (Torsvall and Akerstedt, 1988; Torsvall et al., 1987) , and also by a recent laboratory-based study that simulated an 'on-call' situation (Wuyts et al., 2012) : participants anticipated a task that required a response; however, the task did not occur. In this study, compared with a reference night without the anticipated stressor, participants displayed a trend towards reduced subjective TST, reduced subjective SE and increased percentage of subjective WASO following the experimental night. Overall, this would indicate that it is the expected timing, and not the duration, of an anticipated stressor that is important with regards to subsequent sleep disruption.
A particular strength of the present study is in the measurement of the CAR in a highly-controlled laboratory environment, which compared with ambulatory studies ensured that there was a complete level of participant adherence to the saliva sampling protocol. In the current study, saliva samples were obtained every 15 min during the CAR period with strict levels of monitoring. This is important as even short delays in the collection of saliva samples during the CAR period can produce erroneous results, and where the accurate collection of the awakening sample is vitally important (Griefahn and Robens, 2010; Smyth et al., 2013; Thorn et al., 2006) . Whilst ambulatory studies can attempt to maximise participant adherence through the use of methods such as electronic time-stamped saliva collection tubes (Kudielka et al., 2007) , in ambulatory studies where samples are collected every 15 min, participants can potentially become over-burdened and not adhere to collection instructions (Wetherell and Montgomery, 2014) .
In the present study, there were no differences between sedentary and demand groups in terms of objective sleep continuity or architecture; these are factors that have the potential to influence subsequent CAR indices, and in particular the CAR magnitude. In one sleep laboratory study, a positive association between the percentage of N2 sleep and the MnInc of the subsequent CAR was observed (Elder et al., 2016) . In a separate study, positive associations were observed between the percentage of time spent in N2 sleep and the maximum increase in cortisol levels, and between the percentage of time spent in N1 sleep and awakening cortisol levels (Devine and Wolf, 2016) . The increased CAR magnitude shown by the demand group is therefore likely to be caused by the anticipated demand, and not influenced by between-group differences in sleep continuity or architecture.
The main limitation of this study is in the limited sample size, which is primarily due to the intensive nature of the study protocol. Whilst this may have affected the comparison of the CAR profile between the two groups, significant between-group differences in the CAR magnitude were still observed. However, this limitation must be considered in light of the fact that the sleep laboratory environment offered a significant level of control over factors known to influence the subsquent CAR; for example, in the present study, there were no intra-individual differences in light (Figueiro and Rea, 2012; Scheer and Buijs, 1999) . This is extremely important as the suprachiasmatic nucleus, which controls the co-ordination of the HPA axis, is particularly sensitive to light (Buijs et al., 2003) .
Although in the present study gross EEG, in terms of objective sleep continuity and sleep architecture, were unaffected by an anticipated next-day stressor, high-frequency EEG activity may still be affected, as an anticipated stressor in a naturalistic situation has previously been shown to result in a reduction in EEG power density during the first sleep cycle (Torsvall and Akerstedt, 1988) , although it is not known whether this is also the case in a highly-controlled laboratory situation. Additionally, the present study only examined the effects of an anticipated stressor over the course of 1 day. Whilst the duration of the stressor in the present study was matched to that of naturalistic studies, which observed disruptions to subjective and objective sleep, the relatively short duration of the stressor may still have enabled participants to 'bank' additional resources (Ellis et al., 2012) and mitigate the effect of the stressor upon sleep. Whilst the stressor employed in the present study was of a longer duration compared with previous laboratory stress-induction studies, subjective and objective sleep continuity and architecture may be disrupted by an anticipated stressor that occurs over multiple days. Additionally, it is not known whether a laboratory stressor can affect subjective and objective sleep after the stress has occurred, where a 'rebound' effect is observed. Overall, we conclude that anticipated stress affects the subsequent CAR magnitude, but does not affect either subjective or objective sleep. Sleep disruption may be influenced by the subjective perception of stress, personal salience of the stressor, or the timing of an anticipated stressor rather than its expected duration.
